Chlsmydomomas relhardtl posseshes a high affinity, highly specific carrier involved In uptake of exogenous arginine Carrier- Several strains of arginine auxotrophs have long been available in Chlamydomonas reinhardtii (1-3). Yet, despite widespread search, stable strains auxotrophic for other amino acids have not been found (5). In the accompanying paper (7) we report that Volvox, a multicellular relative of Chlamydomonas, possesses a high affinity, specific carrier for arginine transport and lacks detectable carriers for other amino acids-even when starved for nitrogen. We speculated that if Chlamydomonas were equally selective with respect to amino acid uptake, such selectivity might account for the failure to recover strains auxotrophic for amino acids other than arginine: auxotrophy for other amino acids might be lethal under conventional selection conditions if corresponding amino acid transport systems were lacking. Arguing against this hypothesis was the published (but undocumented) statement that "several amino acids (namely arginine and leucine) have been shown to be readily available for the growth of C. reinhardi and can serve as sole nitrogen source" (8). We therefore undertook an examination of amino acid uptake by C. reinhardtii. We found that as in Volvox, the only saturable carrier for amino acid uptake that could be detected was arginine-specific. Because urea is known to provide a nitrogen source adequate for growth of Chlamydomonas (14) and to be taken up by a saturable carrier (15), we tested the hypothesis (as we had in Volvox) that arginine and urea are taken up by the same carrier in Chlamydomonas. We find that they are not.
(depressW activY of the arglnn uptake system Actvity of the urea uptake system is elevated In nitrogen-stared cultures and elevated even further in the presence of urea or arglnine. Extensive, i t fluctuations in the two uptake systems observed in semlsyco cultures suggest that both are subject to modulatio by a complex set of interacting endogenous and exogenous factors.
Several strains of arginine auxotrophs have long been available in Chlamydomonas reinhardtii (1) (2) (3) . Yet, despite widespread search, stable strains auxotrophic for other amino acids have not been found (5) . In the accompanying paper (7) we report that Volvox, a multicellular relative of Chlamydomonas, possesses a high affinity, specific carrier for arginine transport and lacks detectable carriers for other amino acids-even when starved for nitrogen. We speculated that if Chlamydomonas were equally selective with respect to amino acid uptake, such selectivity might account for the failure to recover strains auxotrophic for amino acids other than arginine: auxotrophy for other amino acids might be lethal under conventional selection conditions if corresponding amino acid transport systems were lacking. Arguing against this hypothesis was the published (but undocumented) statement that "several amino acids (namely arginine and leucine) have been shown to be readily available for the growth of C. reinhardi and can serve as sole nitrogen source" (8) . We therefore undertook an examination of amino acid uptake by C. reinhardtii. We found that as in Volvox, the only saturable carrier for amino acid uptake that could be detected was arginine-specific. Because urea is known to provide a nitrogen source adequate for growth of Chlamydomonas (14) and to be taken up by a saturable carrier (15) , we tested the hypothesis (as we had in Volvox) that arginine and urea are taken up by the same carrier in Chlamydomonas. We find that they are not.
MATERIALS AND METHODS
The organism used was C. reinhardtii at such a density that it would reach 3 to 4 x 106 cells/ml by the 4th hr of the next illumination period. At this time a cell count was performed and the culture was diluted with fresh medium to yield a new density of 106 cells/ml. Studies were commenced I to 1.5 hr after dilution and concluded in 2 to 3 hr. In all lengthy experiments, control cultures (with a standardized tracer dose) were interposed at frequent intervals to check for fluctuations in over-all transport activities during the study period.
All materials (other than the organisms), all analytical methods, and the levels of replication of experiments were as described in the companion paper (7) .
RESULTS
Selectity of Amino Acid Uptake. In Chlamydomonas as in Volvox (6), nonradioactive arginine blocks uptake of radioactivity from a mixture of 18 labeled basic, neutral, and acidic amino acids almost completely, whereas a combination of 17 other unlabeled amino acids is without any significant effect (Table I) centrations left in the medium. These data ( Table II ) strongly suggest that arginine is being accumulated against its concentration gradient. The 2-to 4-fold concentration of lysine against its gradient apparently can be attributed to the capacity of the arginine transport system to transport lysine with low efficiency.
In the presence of nonradioactive arginine, both the rate and extent of radioactive lysine uptake are reduced to the level seen with the other amino acids. There was no evidence for movement of leucine or glutamate against their concentration gradients. Growth and Uptake Activity as a Function of Nitrogen Source in the Medium. Loppes (8) has reported that both arginine and leucine will serve as nitrogen sources adequate to support growth of Chlamydomonas, yet we were unable to detect uptake of leucine at a rate, or to an extent, greater than might be attributed to passive diffusion. This failure might have been due to the fact that the standard medium contains nitrate; amino acid uptake systems in algae frequently are repressed in cells provided with adequate supplied of inorganic nitrogen (I 1, 12). As a preliminary to testing this hypothesis, we compared the effectiveness of nitrate, ammonia, urea, arginine, and leucine at isonitrogenous levels (1 mg atom of N/1) as nitrogen sources. All supported growth equally well over many generations, in confirmation of previous reports (8, 14) .
Next we compared the uptake of arginine, leucine, and urea in cultures grown at least eight generations on each of the above nitrogen sources and in cultures grown on nitrate and then deprived of nitrogen for 5 to 6 hr. Cells for assay were collected by filtration and transferred to culture tubes containing the radioactive test substance dissolved in 5 ml of nitrogen-free medium. In order to obtain maximum sensitivity of measurement of leucine uptake, carrier-free, high specific radioactivity [3HJleucine was used, and to facilitate direct comparisons, [3HJarginine was used at the same molar concentration; but urea was labeled with "4C.
It was anticipated that a leucine transport system would be induced or derepressed in leucine-grown or nitrogen-starved cells. It was not. Even after eight doublings in leucine medium, or 6 hr nitrogen starvation, the rate of uptake of leucine was not significantly above that expected from diffusion alone (Table III) . Furthermore, when uptake of leucine by nitrate-grown, leucinegrown, and nitrogen-starved cultures was measured as a function of external concentration, it was found to be linear over the concentration range of 2 x 10'-to 2 x 1O-3 M (Fig. 1) . Thus, there is no evidence that nitrogen starvation or leucine adaptation leads to derepression or induction of a leucine transport system.
Arginine and urea uptake, in contrast, did demonstrate extensive medium dependence (Table III) . Urea uptake was stimulated by the presence of either arginine or urea in the growth medium 557 and depressed by the presence of other nitrogen sources in the growth medium. In all media, urea uptake activity was substantial. Arginine uptake was highest in organisms depleted of nitrogen or grown on leucine; it was lowest in ammonia-grown organisms. Once again, the effect was less than complete; even in cells grown 4 days in ammonia-rich medium, arginine uptake was very significantly above the level that can be attributed to passive diffusion.
Kinetic Constants for Arginine and Urea Uptake and Reciprocal Competitive Inhibition. To determine whether arginine and urea are taken up by Chlamydomonas cells on a single carrier, quantitative studies of the kinetic constants for arginine and urea uptake and for reciprocal competitive inhibition were undertaken. Uptake of both substrates was found to be linear for at least 8 min, but 4-min incubation periods were used throughout these studies to insure that all uptake velocities measured were initial velocities. Concentrations chosen for detailed study were selected on the basis of preliminary studies made to estimate approximate values of Km and Ki. As with Volvox (7), total, TCA-insoluble, and TCAsoluble intracellular radioactivity were all found to yield equivalent values of Km (but different values of Vma.) indicating that uptake is the rate-limiting step for incorporation into TCA-insoluble products. Hence, data derived from total intracellular radioactivity were used to determine the kinetic constants, since these data had the lowest variance. Ki values for inhibition of urea uptake by arginine and arginine uptake by urea were several orders of magnitude higher than the corresponding Km values for uptake (Table IV) . (Arginine was found to be a particularly weak inhibitor of urea uptake; but the fact that it has no effect on the V.. for urea uptake demonstrates that it is acting competitively.) These results strongly suggest that the arginine and urea carriers analogs all at 1. Figure 2 , but presented in a different manner. All symbols identify specific analogs as listed in Figure 2 ; each symbol is plotted at the position that denotes its inhibitory effect on one transport system as a function of its inhibitory effect on the other transport system. (using substrate concentrations in the Km range) at intervals throughout the 48-hr light-dark cycle. In every such experiment the rates of arginine and urea uptake varied substantially over the course of 48 hr; but the patterns of variation (of which Fig. 4a and b are but two examples) were not reproducible. Both the timing and the magnitude of the changes varied from experiment to experiment; in some cases the two uptake activities rose in concert, while in other cases one activity was rising while the other was falling (Fig. 4b) urea uptake (simultaneously measured) varied from a value of 0.05 to 26; this represents more than a 500-fold variation in the relative activity of the two uptake systems. All of this variation appeared to be due to fluctuation in the Vmax values for transport; no significant fluctuations in Km values were detected (data not shown). DISCUSSION Data presented in this paper demonstrate that arginine is taken up by C. reinhardtii by a saturable, structurally specific (hence carrier-mediated) process and is accumulated against a sizable concentration gradient. Whether this represents active transport or facilitated diffusion coupled with active accumulation cannot be decided with presently available information.
The activity of this arginine uptake system is subject to substantial modulation by nitrogen sources in the medium. Loppes and Strijkert (9) have reported that ammonia depresses arginine uptake. We have confirmed that observation and found lesser effects of nitrate, urea, arginine, and leucine, in that order. Our results are consistent with the hypothesis that ammonia is the principal regulator of arginine uptake, and the effects of other nitrogen sources are determined by the sizes of the intracellular ammonia pools they yield. Loppes and Strijkert (9) also reported that ammonia sensitivity of arginine uptake was not mediated directly by the cellular components involved in arginine uptake or metabolism, but was under the control of a separately mutable site. Our results are consistent with that conclusion also. We find that prolonged exposure to ammonia depresses arginine uptake (Table  III) despite the fact that ammonia has little direct inhibitory effect on the functioning of the arginine uptake system in a short term study (Fig. 2) .
We find no evidence that neutral or acidic amino acids are taken up by a carrier-mediated system, even in cultures deprived of nitrogen or provided an amino acid as a sole nitrogen source. For example, leucine uptake occurs at a rate that can be attributed to passive diffusion alone and is linearly related to medium concentration (over a concentration range spanning six orders of magnitude) in cultures that have either been grown eight generations on leucine, or deprived of nitrogen for 6 hr. How, then, do we account for the fact that leucine will serve as a nitrogen source? The answer is straightforward. At a leucine concentration of lo-3 M (used in our leucine growth media) the uptake of leucine by passive diffusion is about 10 nmol/min mg of cellular protein. (14, 15) we find that urea supports growth of, and is taken up by a carrier-mediated process in C. reinhardtii. However, as with Volvox (7), we report definitive evidence that the arginine and urea uptake systems are discrete (despite the observed reciprocal competitive inhibition of uptake exhibited by arginine and urea): Ki values for competitive inhiition of uptake exceed Km values for transport of the inhibitors by three to five orders of magnitude; the spectra of sensitivity to other structural analogs are entirely different and the rates of arginine and urea uptake undergo large, independent fluctuations in activity through a 48-hr light-dark cycle.
Williams and Hodson (15) have recently reported an extensive examination of urea transport in another strain of C. reinhardi (= C. reinhardtii). The Km they report for urea uptake (5.1 IsM) is significantly higher than that we measured (0.87 PM). They found no detectable urea transport in ammonia-fed cells, or in cells deprived of nitrogen for less than 2 hr. Furthermore, they infer in their discussion that the level of urea transport activity cannot be stimulated (beyond levels seen in nitrogen-starved cells) by urea addition. We find that (by comparison to cells starved for nitrogen): (a) ammonia, nitrate, or leucine represses urea transport activity by less than two-thirds; and (b) arginine or urea stimulates urea transport activity 2-to 3-fold. The differences between our results and those of Williams and Hodson (15) appear, at this time, to represent strain differences rather than systematic differences. Their strain also differs from strain 89, which we employ, in that theirs apparently does not utilize nitrate. Clonal differences in urea utilization have been observed in other species of algae (10).
The observations of Williams and Hodson (15) may shed some light on the unexpected patterns of analog sensitivity we observed for the urea transport system (Fig. 2) . They found two effects of ammonia on the urea transport system: an immediate direct effect on the carrier, and a somewhat slower indirect effect on turnover of carrier molecules. Probably the anomalously high effects of ammonia and primary amines we observed on urea uptake in a 1-hr exposure represent a combination of such direct and indirect effects.
The anomalously high effects of urea and hydroxyurea (relative to amino acid analogs) that we observed with respect to arginine uptake are less easily explained. The effect of urea has the kinetic features of simple competitive inhibition (Table IV) (15) have reported clear evidence that urea uptake is induced in their strain by a substance released into the medium in nitrogen-starved cells. They report that nitrogen starvation leads to "fully-derepressed" urea uptake activity, but transfer of such "fully-derepressed" cells to fresh nitrogen-free medium results in immediate loss of urea uptake activity. In contrast, if such "fully-derepressed" cells are returned to their own "conditioned" nitrogen-free medium, urea uptake activity is maintained. These results imply that nitrogen starvation leads to the release, from the cells, of an inducer molecule that must be continuously present to maintain elevated levels of urea uptake. Whether our strain produces such regulator molecules in response to changing states of nitrogen nutrition as the culture ages, we cannot yet say. In any case, it appears that the regulation of both arginine and urea uptake activity in C. reinhardtii may be under the control of a complex set of interacting endogenous and exogenous variables and quantitative contributions of each may be difficult to assess.
